Brucellosis is an infectious disease that spreads easily between animals and even human beings. There is a critical fact that once a flock of livestocks is infected by Brucella, the prevalent brucellosis would cause over half of the infected pregnant ones to abort. 1 A sensitive and simple detection of Brucella antibody is essential in clinic and veterinary diagnosis. Some traditional diagnostic procedures, such as bacterioscopy (BS), agglutination test (AT), complement fixation test (CFT), precipitation reaction test (PRT), SPA-co-agglutination test (SCAT), enzyme-linked immunosorbent assay (ELISA), radio immunoassay (RIA) and indirect fluorescent antibody (IFAT) test, have been employed in clinical analysis. 2 However, some of these approaches are rather time-consuming or requiring highly qualified personnel; others depend on sophisticated instrumentation. Moreover, most of these procedures are only adapted for the qualitative or semiquantitative detection for Brucella assays. To obtain satisfactory results, most of the diagnostic procedures have to be coupled with another independent test; otherwise, a part of the infected samples may escape the screening test. Developing new, simple and more sensitive quantitative diagnosis methods has attracted the considerable interest.
Introduction
Brucellosis is an infectious disease that spreads easily between animals and even human beings. There is a critical fact that once a flock of livestocks is infected by Brucella, the prevalent brucellosis would cause over half of the infected pregnant ones to abort. 1 A sensitive and simple detection of Brucella antibody is essential in clinic and veterinary diagnosis. Some traditional diagnostic procedures, such as bacterioscopy (BS), agglutination test (AT), complement fixation test (CFT), precipitation reaction test (PRT), SPA-co-agglutination test (SCAT), enzyme-linked immunosorbent assay (ELISA), radio immunoassay (RIA) and indirect fluorescent antibody (IFAT) test, have been employed in clinical analysis. 2 However, some of these approaches are rather time-consuming or requiring highly qualified personnel; others depend on sophisticated instrumentation. Moreover, most of these procedures are only adapted for the qualitative or semiquantitative detection for Brucella assays. To obtain satisfactory results, most of the diagnostic procedures have to be coupled with another independent test; otherwise, a part of the infected samples may escape the screening test. Developing new, simple and more sensitive quantitative diagnosis methods has attracted the considerable interest.
Electrochemical immunosensors are robust tools of immunoanalytical means that have been the subject of continued research and development in recent years. These methods generally involve the production or use of an electrochemical active substance for signal generation.
Immunoenzymatic sensors involving the enzyme label and the specificity of an antigen-antibody binding have an effect of chemical amplification and relatively high selectivity. The advantages of electrochemical immunosensors include speed, accuracy, selectivity and sensitivity. 3 An essential step in developing an electrochemical biosensor is immobilization of the biomaterial. Methacrylate, 4 epoxy, 5 paraffin, 6 nafion, 7 chitosan, 8 were used as a matrix material to prepare immunosensors. They are mostly organic polymers, which tend to swell when dipped into a solvent, leading to a shift of the response signal. The activity of biomolecules in these materials used for immobilization decreases appreciably and the immobilized biomolecules do not retain their activity over a long time period. 9 Recently, in the so-called sol-gel process, some biomaterials were trapped into a silicate glass matrix under mild conditions. [10] [11] [12] Biomolecules show considerable retention of their activity in such immobilization matrices. The other outstanding feature of such a process is that small substrate molecules can diffuse into the pores of the polymeric silica matrix and reach the site of the bioreagent. The Sol-Gel process for biomolecules immobilization seems to be very promising, especially due to the mild conditions that are used for the immobilization process as well as the simplicity of the procedure involved. 13 In addition, the immobilization material can be optimized so that transparent monoliths, thin films or fine particles, are formed depending on the ultimate application of the preparation. [14] [15] [16] [17] Braun 18 suggested that the encapsulation of glucose oxidase in a tetramethoxysilane sol-gel matrix was good for the determination of glucose. Sol-gel technology has also been used for encapsulating proteins, cells, microbe and immunoreagents. [19] [20] [21] It is interesting to investigate the possibility of preparing an electrochemical immunosensor for Brucella antibody determination based on the silica sol-gel A novel amperometric immunosensor setup is described which uses horseradish peroxidase (HRP) as a label in conjunction with a current-based Brucella sensor. The Bacteria modified immunosensor was constructed by using a biocomposite formed by dispersing graphite powder into a mixture of Brucella melitensis and silicate polymer gel. The enzyme-labeled antibody can readily diffuse toward the encapsulated antigen (Brucella melitensis), which retains its binding properties, and the association reaction is easily detected at the surface exposed to the solution. The use of an oaminophenol (o-AP) substrate and amperometric detection at -150 mV (vs. SCE) results in a relatively low detection limit of 3.5 ng/ml and a linear detection range of 3.5 ng/ml to 200 ng/ml. Based on an optimized parameter, the prepared sensor was used to detect the Brucella melitensis antibody in serum samples by using a competitive binding assay. The results demonstrate the feasibility of employing the proposed immunosensor for the detection for Brucella melitensis antibody in a clinical analysis. In this paper, we present results on a procedure to construct an electrochemical silica sol-gel based Brucella-immunosensor for a Brucella antibody assay. The use of bacteria Brucella melitensis as an antigen source would be simpler than the use of refined pure antigens, and the activity of an antigen is hoped to be maintained better in bacteria bodies. The performance characteristics of the prepared biosensors were examined. The experimental conditions of the Brucella antibody determination were investigated and optimized. For competitive binding assay used for Brudcella antibody detection in serum samples was carried out with the prepared amperometric immunosensor with the help of an HRP-labeled Brucella antibody (HRP-Br·Ab).
Experimental

Apparatus
Amperometric measurements and cyclic voltammetric experiments were carried out with a microcomputer-controlled Electrochemical Analyzer (Lanlike Chemical Electronic Co., Tiajin) and a polargraphic analyzer (Jiansu Electroanalytical Instruments, Jiansu) connected with a data-acquisition and storage interface supplied by Zheng-Fang Electronics (Shanghai).
A three-electrode system, consisting of an immunosensor as the working electrode, a saturated calomel reference electrode (SCE), and a platinum plate auxiliary electrode, was employed. The working cell with a stirrer bar was put on a magnetic stirrer. A Model CSS501 thermostat (Chongqing) was used to control the incubating temperature. All amperometric measurements were performed at room temperature.
Reagents
All solutions were prepared in doubly distilled deionized water.
Most chemicals used were of reagent grade. Tetraethoxysilane (TEOS, Wuda Chemicals, Wuhan, China), ethanol and hydrochloric acid (Shanghai Chemical Reagents, Shanghai, China) were used to prepare the sol-gel. Graphite power (Shanghai Chemical Reagents, Shanghai, China), Brucella melitensis antigen, rabbit IgG (Institute of Veterinary Drugs, Beijing, China) and the resulting sol-gel were used to fabricate immunosensors.
Horseradish peroxidase (HRP, Sigma), o-aminophenol (o-AP, Sigma) and hydrogen peroxide (Shanghai Chemical Reagents, Shanghai, China) were employed for electrochemical experiments.
Preparation of HRP-Br·Ab
An appropriate amount of HRP (10 mg) was dissolved in 0.2 ml of 1.25% glutaraldehyde buffered by 0.01 M PBS at pH 6.8, and mixed thoroughly, then left to incubate 12 h at room temperature. The resulting solution was dialyzed against a 0.01 M PBS-0.14 M NaCl buffer solution of pH 7.2 overnight at 4˚C. Br·Ab (5 mg) dissolved in 1 ml of 0.15 M NaCl solution and 0.1 ml of 1 M carbonate buffer at pH 9.6 were mixed with the dialyzed HRP-glutaradehyde solution, and were then incubated for 24 h at 4˚C. The resulting solution was dialyzed against a 0.01 M phosphate buffer solution at pH 7.2. Further purification was conducted by gel filtration on a Sephadex G-200 column to give the HRP-Br·Ab conjugate (0.48 mg/ml).
Fabrication of immunosensors
A sol-gel stock solution consisted of 0.8 ml of methyltrimethoxysilane (MTEOS), 0.5 ml of ethanol, 0.5 ml of water and 0.2 ml of 0.01 M HCl. The stock mixture was sonicated for approximately 20 min and subsequently stored for 2 days at room temperature. A Brucella melitensis antigen (Br·Ag) solution (0.02 ml of 1.8 × 10 -4 g/ml solution) and 31 mg of bovine serum albumin (BSA) were added to 0.6 g of the solgel paste, and mixed thoroughly. The graphite powder (2.5 g) was subsequently dispersed into the above mixture and homogenized thoroughly. Sol-gel carbon composites without Brucella antigen were prepared in a similar fashion. The abovementioned paste was then squeezed into a PVC tube of 6 mm i.d. to a depth of 1 cm (area 0.283 cm 2 ). Inside the tube the mass was in contact with a conducting graphite rod, which was in turn connected with an electric wire to complete the measurement circuit. The immunosensor was cured at 4˚C for 3 days. The configuration of the immunosensor is illustrated in Fig. 1 .
Renewal of immunosensor surface
The immunosensor surface could be renewed by turning a nut to extrude a 0.1 mm-thick outer silicate glass-graphite matrix layer and by polishing with alumina paper (0.05 µm) wetted with water to form a smooth, shiny surface. The new surface was finally cleaned with doubly distilled water.
Cyclic voltammetry
Cyclic voltammograms were performed with the immunosensor without incubation. The voltammograms were recorded for a substrate solution containing 1 × 10 -3 M o-AP, a substrate with the addition of 2 × 10 -3 M H2O2, and for enzyme conversion in the same substrates solution containing 1 × 10 -3 M o-AP and 2 × 10 -3 M H2O2.
Immunoelectrochemical procedure
The immunoelectrochemical assay procedure is schematically illustrated in Fig. 2 . The first step involved a 20-min incubation of the 100 µl of HRP-labeled antibody tracer (HRP-Br·Ab, 0.048 mg/ml) with different concentrations of the SjAb (analyte). A silica sol-gel-based immunosensor was incubated in a buffer solution (0.1 M Tris-HCl-0.1% BSA, pH 7.5) containing 100 µl HRP-Br·Ab for 20 min (Fig. 2, a) . The sensor was then rinsed thoroughly in a blocking buffer (0.1 M Tris-HCl-KCl buffer solution of pH 7.5, Fig. 2, b) and stored in the same solution prior to an amperometric measurement. The third step was to perform amperometric measurement (Fig. 2, c) .
Electrochemical measurements were performed in a 0. Britton-Robinson (BR) buffer of pH 5.7 by using an appropriate potential (-150 mV) to the working electrode, which was optimal to facilitate a reduction of the product of the enzyme substrate. After the background current was stabilized, the response was subsequently obtained during the addition of 20 ml of a premixed solution of 10 -3 M o-AP and 2 × 10 -3 M H2O2.
Results and Discussion
Cyclic voltammetry CV was used to examine the electochemical properties of the substrate and the product of the enzymatic reaction. The enzyme reaction proceeded according to Sub(red) + H2O2 Sub(ox) + H2O.
Here, Sub(red) refers to the reduced state of the substrate that is oxidized to Sub(ox) as the catalytic product. The sub(ox) can be regenerated by reduction at the electrode surface involving a response current. The reduction current generated by the product of enzymatic catalytic reaction corresponds to the velocity of the enzymatic reaction and, according to the Michaelis-Menten equation, is proportional to the amount of the enzyme and, consequently to the amount of HRP-Br.Ab conjugate bound to the surface of the immunosensor of interest.
In an incubation procedure of a competitive binding immunoassay, the SjAb from the analytical sample and HRPBr·Ab added would compete to bind on the electrode surface. The amount of HRP-Br·Ab bound on the electrode surface after incubation would be reversely proportional to the amount of Br·Ab in the analytical sample. The operation of the new sol-gel derived amperometric immunosensor is based on the use of an antibody labeled with the enzyme horseradish peroxidase, which catalyzes the oxidization of o-AP to produce a quinone compound or 3-aminophenophenoxazine. 22 The use of o-aminophenol as the substrate of HRP for voltammetric ELISA has been reported. The immunosensor as a working electrode offers low-potential detection of the o-AP, with an oxidation peak potential at 650 mV and a reduction peak potential of its catalytic product at -150 mV. All subsequent amperometric experiments were thus performed with the o-AP substrate and using an operating potential of -150 mV.
The performance of the incubated immunosensor was examined in the enzyme substrate o-AP solution at -150 mV. Figure 4 shows the time dependence of the current recorded with the incubated sensor. The background current became stabilized after 220 s, and then a solution of o-AP and H2O2 was added. It indicates that the HRP-Br·Ab bound to the Br·Ag on the surface of immunosensor can cause a clear response current, which can be employed to detect the Br·Ab in samples.
Resolution of nonspecific binding
Nonspecific binding at the working immunosensor was examined by amperometric measurements. The current signals 627 ANALYTICAL SCIENCES JUNE 2002, VOL. 18 were 20 nA, 7 nA, 250 nA for the blank sol-gel-graphite, solgel-BSA-graphite and the sol-gel-Brucella-BSA-graphite immunosensor, respectively. The incorporation of BSA (1%) in the biocomposite seemed to reduce the nonspecific adsorption of HRP-Br·Ab on the sensor surface. It seems that the BSA can compete with the Br·Ab to occupy superfluous sites of the immunosensor.
Optimization of experimental parameters
The parameters involved with the assay protocol can influence the response of the Brucella-immunosensor. Figure 5a displays the optimization of the amount of HRP-Br·Ab by incubating the sensor with increasing amount of HRP-Br·Ab. The response increased by up to 100 µl of HRP-Br·Ab (0.048 mg/ml) in solution and then tended to saturate. This is due to the fact that the number of epitopes of the Brucella in the immunosenor surface is limited. Consequently, a 100 µl of HRP-Br·Ab (0.048 mg/ml) solution added to 1 ml of the final incubation solution was routinely employed for the assays.
The influence of the incubation temperature on the response signal was also investigated.
The performance of an immunosenor exposed to 0 -40˚C was investigated. It was observed that the current signal increases along with an increase of the temperature up to 30˚C; the change then slows down (Fig.  5b) . The loss of signal at higher temperatures may be attributed to the effect of the temperature on the equilibrium constant of the reaction of the antigen and the antibody. A new equilibrium may accompany any corresponding HRP-Br·Ab binding. An incubation temperature of 30˚C was adapted in most experiments.
The incubation time affects the sensor response characteristics. When the antibodies in the incubating solution reach the surface of the immunosensor and form compact complexes, it takes time. The amperometric signal increases with the incubation time rapidly up to 20 min, and then the change slows down, which seems to be a consequence of a mass-action effect as the concentration of free Br·Ab decreases (Fig. 5c) . The response signal tends to be stable after incubating for 20 min, which was employed as the optimal incubation time for most experiments.
Additional factors that affected the assay protocol were the incubation and reaction solution pH. It was observed that the signal versus reaction solution pH increases with an increase of the pH up to pH 5.7, and then decreases at a higher pH (Fig. 5d) . While the response current corresponding to the incubation pH increases with an increase of the pH up to pH 7.5, it then decrease at a higher pH (Fig. 5e) . It seems that the reaction of antigens and antibodies takes place smoothly over a pH range of 6.5 to 8, and performs excellently at an optimal pH of 7.5; the HRP enzyme catalyzes the reaction at the optimal pH of 5.7. Thus, both an incubating pH of 7.5 and a reacting pH of 5.7 were employed in most experiments.
Measurements with an immunosensor
The calibration curve for Brucella antibody detection is shown in Fig. 6 . Here, a competitive binding assay was employed to determine Br·Ab with the prepared immunosensor. between 3.5 ng/ml to 200 ng/ml, with a detection limit of 3.5 ng/ml (determined as 3-times the SD of the measurement blank). The detection limit of the proposed immunosensor is lower than that in the routine ELISA approach. A concentration of 0.62 mg mL -1 of Br·Ab was used as the standard solution to examine the reproducibility and repeatability of the prepared immunosensor. The results of the relative standard deviation (RSD) are shown in Table 1 . A better reproducibility and repeatability was obtained with the immunosensor.
The prepared Brucella-immunosensor was employed to determine the infected serum samples of goats, which were obtained from Hunan Agricultural University. The results are given in Table 2 . It indicates that the results obtained by the proposed amperometric immunosensor are in good agreement with those obtained by the ELISA method. The proposed immunosensor can be used to detect the Brucella melitensis antibody in serum samples.
Conclusions
We have demonstrated for the first time that an electrochemical immunoenzymatic sensor can be used to determine the Brucella melitensis antibody. The sol-gel technology employed to prepare electrochemical immunosensors may provide a satisfactory matrix for the immobilization of bacteria. The resulting immunosensor offers a relatively fast and highly sensitive response that could be used with quite simple instrumentation. The measurement range and detection limit of the immunosensor compare favorably with those of ELISA assays. Such an attractive behavior indicates that the antigenic function of the encapsulated bacteria and the accessibility of the labeled antibody are well maintained during manipulation of the sol-gel processes. This approach is useful for the immunoassay of other antigen-antibody species. 
